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Abstract: The JSNS2 (J-PARC Sterile Neutrino Search at J-PARC Spallation Neutron Source)
experiment aims to search for neutrino oscillations over a 24m short baseline at J-PARC. The
JSNS2 inner detector is filled with 17 tons of gadolinium-loaded liquid scintillator (LS) and both
the intermediate γ-catcher and the optically separated outer veto are filled with un-loaded LS.
Optical photons from scintillation are observed by 120 Photomultiplier Tubes (PMTs). 67 PMTs
were donated by the RENO experiment and 24 PMTswere donated by the Double Chooz experiment
and by the JSNS2 collaborators. 39 PMTs were newly purchased from the Hamamatsu Photonics.
Donated PMTs were purchased around 10 years ago, therefore JSNS2 did pre-calibration of the
PMTs including the purchased PMTs. 123 PMTs demonstrated acceptable performance for the
JSNS2 experiment, and 120 PMTs were installed in the detector.
Keywords: Liquid detectors, Photon detectors for UV, visible and IR photons (vacuum) (photo-
multipliers, HPDs, others), Scintillators, scintillation and light emission processes (solid, gas and
liquid scintillators), Neutrino detectors
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1 Introduction
The JSNS2 (J-PARC Sterile Neutrino Search at J-PARC Spallation Neutron Source) experiment
will search for neutrino oscillations at short baseline with ∆m2 near 1 eV2 [1]. JSNS2 is located
in the J-PARC Material and Life Science Experimental Facility (MLF). A 3GeV proton beam is
delivered to a mercury target in the MLF, producing an intense source of muon antineutrinos from
µ+ decay-at-rest. JSNS2 will search for νµ → νe oscillations, which can be detected via inverse
beta decay, νe + p→ e+ + n. The detector is comprised of an inner target volume, an intermediate
γ-catcher region, and an optically separated outer veto [2, 3]. The target volume is filled with 17
tons of gadolinium-loaded liquid scintillator (LS) donated by the Daya Bay experiment [4]. Both the
γ-catcher and veto are filled with 31 tons of LS. An event in the detector generates optical photons
via scintillation and those photons are observed by 120 R7081 Hamamatsu 10-inch Photomultiplier
Tubes (PMTs). Basic specifications for the Hamamatsu R7081 PMT are available in Ref [5] and are
summarized in Table. 1. PMTs for the JSNS2 experiment were both donated by other experiments
and purchased from Hamamatsu. JSNS2 performed PMT pre-calibration to confirm the quality of
the donated PMTs as well as the purchased PMTs. The pre-calibration results are compared with a
data sheet that is provided by Hamamatsu Photonics. All but a few PMTs demonstrated acceptable
performance for the JSNS2 experiment and 120 PMTs were selected for installation in the detector.
2 Pre-calibration setup
For our pre-calibration the dark box originally used for the Double Chooz experiment’s pre-
calibration [7] was reused. The dark box is designed to hold up to 8 PMTs at once. Each
PMT is mounted vertically and surrounded with a µ-metal shield to remove any possible bias from
external magnetic fields. A laser module which produces 1 ns wide pulses of 440 nm wavelength
light is used to stimulate the PMTs. A VME controller is used to set the pulse rate to 800Hz, and a
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Gain Applied voltage Quantum efficiency Dark count Peak to valley
for typical gain at 390 nm After 15 hours ratio
Typ. Typ. (V) Typ. (%) Typ. (s−1), Max. (s−1) Min, Typ.
1.0 × 107 1500 25 7000, 15000 1.5, 2.8
Table 1: Basic specifications of the R7081 10-inch PMT from the Hamamatsu data sheets.
1-to-8 laser splitter is used to distribute the single laser output to all 8 PMTs in the dark box. The
laser light is injected into the center of the PMT glass using optical fibers. The analog output of
each PMT is amplified by a factor of ten and split into two outputs. One output goes to a 14-bit
analog-to-digital converter (ADC) with a 250 ns window used to calculate the PMT charge, and the
other goes to a counter module after passing through a discriminator to measure the dark count rate.
The discriminator threshold is set to around 0.3 p.e. equivalent at a gain of 107. Figure 1 shows the
schematic flow of the data acquisition (DAQ) system. A single cable attached to a splitter circuit
is used to supply high voltage (HV) to each PMT and to extract the PMT analog signal. Figure 2
shows the circuit diagram of the splitter.
Clock	
(1kHz)	
NIM	to	ECL	
Scaler	
Laser	Pulser	
(440	nm,	1ns)	
Gate	generator	
(250	ns,	800	Hz)	
ADC	
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VME	controller	
(CAEN	V1718)	
HV	/	signal	
divider	HV	
VME Crate 
Figure 1: Schematic drawing of the data acquisition setup. The dashed block indicates a VME
crate. The VME controller generates triggers at 800Hz for the laser pulser and the gate generator.
A splitter supplies HV to the PMT and extracts the analog waveform. The analog signal is amplified
by a factor of ten and inserted into a 14-bit ADC and a discriminator. A scaler measures the dark
count rate and an ADC digitizes the analog signal to measure the PMT gain.
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Figure 2: Circuit diagram of the splitter.
3 Pre-calibration procedure
3.1 Noise check and dark count rate measurement
The first step in the pre-calibration procedure is to identify malfunctioning PMTs. To do this, we
applied 1400V to each PMT and checked the PMT analog signal with an oscilloscope. One PMT
was found to have unacceptable noise level due to flashes of light produced by the PMT’s base.
Figure 3 shows an oscilloscope screenshot of the noisy PMT. After checking for noisy PMT, we
waited 1 hour to stabilize the PMT performance before taking gain measurement data.
Figure 3: An accumulated oscilloscope screenshot of the noisy PMT. There are clear noisy signals.
Note that the yellow trace is not relevant.
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3.2 Gain curve
We set the HV to 9 different values between 1200V and 1900V to measure the gain curve of each
PMT. The gain was increased starting from the lowest HV value until the calculated PMT gain was
more than 107. For some PMTs, the gain was too small at low values of the HV for the single
photoelectron peak to be well-separated from the pedestal. In these cases, the lowest HV values
were not used. On average 5 or 6 points were used for each PMT to fit the gain curve. For each
HV value, we collected 300,000 events. Figure 4 shows the typical ADC count distribution of a
PMT with a fit. We separated the fitting range for the pedestal peak and the single photoelectron
peak. The fit function models the contributions to the charge spectrum as Gaussian distributions
with amplitudes determined by the Poisson distribution up to several photoelectrons to get a precise
single photoelectron fit. The fit function is given by
f pedestal(x) = N0 e−(x − m0)
2
2s20
,
f SPE(x) =
4∑
n=1
Ni
µne−µ
n!
e
−(x − mi)2
2s2i
,
mi = i × (m1 − m0) + m0, si = i ×
√
is1,
(3.1)
where the first line represents a pedestal peak and the second line represents the sum of contributions
up to four photoelectrons, µ is the fraction of the pedestal events, and Ni is the overall normalization.
Note that the initial value of the µ is obtained from the pedestal fit result and treated as a fitting
parameter.
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(a) With a pedestal fit.
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(b) With a fit up to several photoelectrons.
Figure 4: ADC distribution of a typical PMT with a fit. (a) Single Gaussian distribution is used
for the pedestal peak. (b) For a precise measurement of the PMT gain, the distribution is fitted up to
several photoelectrons. The red distribution shows the fit result and the black dashed line indicates
the single photoelectron Gaussian distribution from the fit.
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The fit result is converted to the PMT gain according to the formula
Gain =
2 × ADCcount × GADC
GAmp × e , (3.2)
where ADCcount is the ADC count difference between the fitted single photoelectron peak and the
fitted pedestal peak, GADC is a conversion factor from ADC counts to charge (0.061 counts/pC in
this case), GAmp is the DAQ amplification factor (10 in this case), and e is the electron charge. All
PMTs have a 50 Ohm back-terminator, which cuts the analog signal in half, a factor of two is applied
in the gain calculation to account for this effect. Figure 5 shows the gain curve of one typical PMT
with a fit, and Fig. 6 shows the HV value corresponding to 107 gain for all 123 PMTs which span
the range between 1200V and 1900V. The fit function for the gain curve is well-known from the
Hamamatsu [6] handbook and is given by
G = α × Vβ, (3.3)
where α and β are fitting parameters and V is the supplied HV.
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Figure 5: Measured gain curve of a typical PMT as a function of applied HV (black) and fit (red).
As a cross-check, we compared the measured HV value required to achieve 107 gain for the
donated PMTs with the data sheets provided by Hamamatsu. The comparison is shown in Fig. 7
and demonstrates a clear correlation. Note that the Hamamatsu data was only available for a certain
subset of the donated PMTs.
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Figure 6: HV value required to achieve 107 gain for the 123 PMTs. The solid histogram indicates
donated PMTs and dashed histogram indicates newly purchased PMTs.
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Figure 7: Comparison between the measured HV value required to achieve 107 gain and the
corresponding value from the Hamamatsu data sheets.
3.3 Peak-to-Valley ratio at a gain of 107
The peak-to-valley ratio (P/V) of each PMT at a gain of 107 was calculated with 300,000 laser
events. To determine the height of the single photoelectron peak, we fit the PMT charge distribution
with the same function used for the PMT gain determination. To estimate the height of the valley,
we used the lowest bin value between the pedestal peak and the single photoelectron peak. Figure 8
shows the P/V distribution of the 123 PMTs.
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Figure 8: Peak-to-valley ratio distribution of all 123 PMTs at a gain of 107. The solid histogram
corresponds to the donated PMTs and the dashed histogram corresponds to the newly purchased
PMTs.
3.4 Dark rate measurement at a gain of 107
For each PMT, the dark count rate was measured at a gain of 107 using 1 hour of data. The
dark count measurements were made approximately 6 hours after the HV was initially applied to
the PMTs. We picked the mean value for the dark count rate of each PMT and Fig. 9 shows the
dark count rate distribution of the 123 PMTs. Some of the PMT had dark count rates higher than
4000Hz, however, we decided that these PMTs are still suitable for the JSNS2 experiment.
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Figure 9: Dark count rate distribution of all 123 PMTs at a gain of 107. The solid histogram
corresponds to the donated PMTs and the dashed histogram corresponds to the newly purchased
PMTs.
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4 Conclusion
We performed a PMT pre-calibration campaign for the JSNS2 experiment and found that 123
PMTs performed satisfactorily. For the PMTs where the Hamamatsu data sheets were available,
we compared the measured HV value required to achieve 107 gain with the data sheets and found a
clear correlation. For comparison, table 3 of Ref [7] shows the PMT pre-calibration results of the
Double Chooz experiment. In the table, the HV at a gain of 107 is between 1210V and 1610V, the
maximum value of the P/V is 5.5, and the maximum value of the dark count rate is 9000Hz. The
JSNS2 PMT pre-calibration results show similar or better performance, noting that some differences
may be due to the different measurement conditions and equipment such as a 14-bit ADC and a
laser module as a light source. We concluded that the performance of the PMTs, including the
PMTs donated from other experiments, is good enough for the JSNS2 experiment. In light of this,
we installed 120 PMTs in the detector and saved 3 PMTs as backups.
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